The main error factors on near-infrared spectroscopy (NIRS) measurements for deep tissue are (1) thickness of overlying tissues, (2) oxygenation of surface tissues, (3) difference between an assumed value and an actual value of scattering coefficient for tissues, and (4) concentrations of hemoglobin derivatives. These factors affect the accuracy on time-resolved NIRS, intensity-modulated NIRS, spatially resolved NIRS, and continuous wave NIRS. In this paper, we present the accurate oxygenation measurement in surface and deep tissues using continuous wave and spatially resolved NIRS. The relationship between spatial distribution of light intensity and absorption coefficient of the muscle was obtained from the Monte Carlo simulation. Fat thickness greatly affected the absolute value of hemoglobin concentration. The influence of skin oxygenation caused several percent error factor of muscle oxygenation. We obtained curves to correct the influences. To reduce the error due to assumed scattering coefficient, a simple method for determining optical properties with laser rangefinder was practical and useful. Moreover, the absolute values of hemoglobin derivative concentrations were successfully measured by spatially resolved NIRS. It was also helpful for accurate oxygenation measurement. The combination of these measurements and corrections would be essential for an accurate NIRS.
Introduction
Various error factors on near-infrared spectroscopy (NIRS) measurements for deep tissue have been examined theoretically and experimentally, 1 ) and these results suggest that the main factors are (1) thickness of overlying tissues, 1 ) (2) oxygenation of surface tissues, 1, 6) (3) difference between an assumed value and an actual value of scattering coefficient for tissues, 7) and (4) concentrations of hemoglobin derivatives. 8) These factors affect the accuracy on time-resolved NIRS, intensity-modulated NIRS, spatially resolved NIRS, and continuous wave NIRS. In this paper, we present the methods for correcting the main error factors in order to measure accurate oxygenation in surface and deep tissues using continuous wave NIRS and spatially resolved NIRS.
Influence of Surface Layer Thickness
The influences of the overlying tissues must be corrected in order to quantify oxygenation using continuous wave NIRS, and a practical correction method to overcome this problem is needed. Figure 1 shows the optical path length in a muscle layer obtained from a Monte Carlo simulation. 3, 4) The fitting curves at each source-detector separation are shown by normalizing the curves at 0-mm thickness. The relationship between normalized optical path length S muscle and fat layer thickness h is expressed by the following equation.
The values of constant A for the source-detector separations of 20, 30, and 40 mm are 6.9, 8.0, and 8.9, respectively. To realize quantitative measurement of the hemoglobin concentrations of the deep tissue with spatially resolved NIRS, we have examined the influence of fat layer thickness on the spatial profile of light intensity. 5) Figure 2 shows the increase in spatial slope S due to the increase in the absorption coefficient of the muscle, µ am, and the increase in the fat layer thickness calculated in the Monte Carlo simulation. The measurements using spatially resolved spectroscopy can be corrected by using the appropriate S-µ am curve for fat thickness.
Influence of Skin Oxygenation
It was difficult to obtain a unique solution on spatially resolved NIRS measurements when both the absorption coefficients of the two adjacent layers are variables. 1) In contrast, we have developed a method for simultaneous measurement of μas and μam when there was a low-absorption layer between the muscle and skin layers. 6) Monte Carlo simulation was used for analyzing light propagation within a three-layered structure composed of skin, fat, and muscle, as shown in Figure 3 .
The values S 1 and S 2 are the spatial slopes of the light intensity between source-detector distances of 2-4 mm and 20-30 mm, respectively. We examined the relationship between μas and the spatial slope S 1 (S1-μas curve) and the relationship between μam and the spatial slope S 2 (S2-μam curve). 
Influence of Scattering Coefficient of Surface Tissue
Three methods for obtaining the optical properties are: timeresolved reflectance, intensity-modulated reflectance, and spatially resolved reflectance. The measurement using timeresolved reflectance requires technical expertise, high cost instruments, and a long time for data acquisition. Although the intensity-modulated reflectance method is easy to use, it requires strict noise suppression because of both the amplitude and the phase detection of the high-frequency alternative component. We have combined spatially resolved reflectance with only the phase detection of intensity-modulated reflectance using a laser rangefinder. The measuring system consists of an optical probe for spatially resolved reflectance, a laser rangefinder, and a movable light-blocking plate, as shown in Figure 5 . The absorption coefficient μa and the reduced scattering coefficient μs′ were calculated from the measurements of the optical path length and the spatial profile. Figure 6 shows an example of determination of optical properties at 0.37 mm -1 of slope and 85.5 mm of path length using the two lookup tables and interpolation. The results of phantom experiments using the proposed system showed that μa and μs′ can be determined within 5%-error simultaneously. The developed methods are practical and easy for laboratory use in order to correct the individual difference of scattering coefficient.
Influences of Hemoglobin Derivatives
Influences of carboxyhemoglobin (COHb) and methemoglobin (MetHb) should be considered for accurate measurements of oxyhemoglobin and deoxyhemoglobin. The concentrations of COHb and MetHb in the artery were developed with pulse oximetry. 8) However, method for obtaining the concentrations of Hb derivatives for whole tissue was not developed. We have studied the measurement of the absolute values of Hb derivative concentrations using spatially resolved NIRS. Although extinction coefficients of COHb and MetHb were reported, 9) photon propagation in a turbid media contained COHb and MetHb was not adequately analyzed. We have examined by Monte Carlo simulation and experiments using eight wavelength NIRS system. 
Conclusion
We have shown the influences of fat thickness, skin oxygenation, scattering coefficient of surface layer, and Hb derivatives on accuracy in NIRS measurement. To improve the accuracy in oxygenation measurement, combination of corrections of these influences will be important. Although the size of instrumentation for scattering coefficient measurement was 30 cm, all electronic circuits for corrections would be embedded into severalcentimeter optical probe in the future study. Simultaneous corrections of the influences enable us to measure accurate oxygenation with CW-NIRS and spatially resolved NIRS. 
Figure 7
Relationship between wavelength and spatial slope for the phantoms contained O2Hb and COHb.
